Combinatorial droplet microfluidic devices with programmable microfluidic valves have recently emerged as a viable approach for performing multiplexed experiments in microfluidic droplets. However, the serial operation in these devices restricts their throughput. To address this limitation, we present a parallelized combinatorial droplet device that enhances device throughput via droplet bifurcation, parallelized droplet fusion, and parallelized droplet detection. In this device, sample droplets split evenly at bifurcating Y-junctions before multiple independent reagent droplets are injected directly into the split sample droplets for robust droplet fusion. Finally, the fused sample and reagent droplets can be imaged in parallel via microscopy. The combination of these approaches enabled us to improve the throughput over traditional, serially-operated combinatorial droplet devices by 16-fold-with ready potential for further enhancement. Given its current performance and prospect for future improvements, we believe the parallelized combinatorial droplet device has the potential to meet the demand as a flexible and cost-effective tool that can perform high throughput screening applications.
Introduction
Recent years have seen the emergence of microfluidic droplet technology in a variety of chemical and biochemical applications [1, 2] , ranging from single-cell analysis [3] [4] [5] [6] to enzyme kinetics measurements [7, 8] and even nanoparticle synthesis [9] [10] [11] . In particular, microfluidic droplets have proven pivotal in digital analysis of individual biological samples at the single-molecule level [12] [13] [14] [15] . While this technology offers the capacity to divide a homogeneous reaction (i.e., one sample against one set of reagents) into a large number of reactions in droplets, it nevertheless faces challenges in generating a large combination of sample-reagent mixtures in a multiplexed manner. Additionally, although approaches such as integrated picoinjectors [16, 17] , segregated microfluidic plugs in tubing [18] [19] [20] [21] , and multiple devices [22] have been demonstrated to improve the multiplexing capacity of microfluidic droplet platforms, there remains a critical need for alternative approaches that facilitate multiplexed experiments in droplets.
As a promising alternative, droplet microfluidic devices that utilize programmable microfluidic valves to mix combinations of samples and reagents on-demand [23] [24] [25] [26] [27] [28] [29] present a viable approach to performing multiplexed experiments in microfluidic droplets. For example, such devices have been employed to demonstrate multiplexed experiments, such as the detection of DNA [26, 28] and characterization of matrix metalloproteases [25, 29] . Importantly, in some of these devices, the conservation of positional order of each droplet after combinatorial assembly enables spatial indexing as an effective means to track droplets [27, 29] . Unfortunately, a key limitation to this platform is its throughput. Because the combinatorial droplets are generated sequentially and serially, the rate of analysis is limited by the rate at which droplets can be assembled and detected in the order of assembly ( Figure 1A) . A design that can increase the throughput of such microvalve-based combinatorial droplet devices is therefore needed.
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To address this limitation, we have developed a parallelized combinatorial droplet device design. This design is achieved via droplet splitting [30] [31] [32] [33] [34] [35] [36] , parallelized droplet fusion, and parallelized droplet detection ( Figure 1B) . Specifically, each sample droplet first travels through bifurcating Y-junctions (two stages, as shown here) and splits into identical daughter droplets (four, as shown here) before each daughter droplet is fused with its designated reagent. Importantly, the reagents can be simultaneously injected into the daughter droplets, thereby facilitating improved throughput. Finally, the entire group of fused sample-reagent droplets originating from the single sample droplet can be detected in parallel, further enhancing the throughput. To demonstrate this concept, we designed and fabricated a parallelized combinatorial droplet device and showed that the new design can improve the device throughput by 16-fold when compared to a traditional, single-channel design-with ready potential for further enhancement.
Experimental Section

Mask Design and Printing
Fluidic and valve layer masks were designed in L-Edit v16.0 (Tanner EDA, Monrovia, CA, USA; see mask files in Supplementary Information). To account for polydimethylsiloxane (PDMS) shrinkage during the soft lithographic molding step (see Section 2.2), features on the valve layer mask were expanded by 1.5% in both dimensions. Mask patterns were printed onto high-quality transparencies at 20,000 dpi by CAD/Art Services, Inc. (Bandon, OR, USA). Transparency masks were mounted on five-inch soda lime glass mask holders (HTA Enterprises, San Jose, CA, USA) and stored in clean room environment prior to use.
Master Mold Microfabrication
Master molds for both fluidic and valve layers of the PDMS chip were microfabricated via standard photolithography techniques. Fluidic and control layer molds were fabricated on four-inch silicon wafers (Polishing Corporation of America, Santa Clara, CA, USA). Prior to processing, all wafers underwent a dehydration bake at 200˝C for at least two hours. Our device design involves regions with two different channel heights. Shallow channels fabricated with SPR-220-7 (positive photoresist; Microchem Corp., Newton, MA, USA) were incorporated near the sample introduction region and reagent inlets to allow for valve actuation. The height of these channels was~25 µm. This layer was patterned using photolithography (using the SPR-220 mask; see Supplementary Information) and hard baked to generate a rounded channel cross section, as required for effective valve closure [37] . This was followed by patterning of SU8-3025 (Microchem Corp., Newton, MA, USA) to generate the rest of the fluidic channel network (height was~45 µm) on the fluidic mold, again via photolithography (using one of the SU8 masks; see Supplementary Information). For the valve control mold, a single layer of SU8-3025 was patterned on the wafer (height was~45 µm) via photolithography (using one of the SU8 masks; see Supplementary Information).
Microfluidic Chip Fabrication
The microfluidic devices were fabricated using multilayer soft lithography techniques [37] . A modified three-layer fabrication process was developed [27, 29] . We used SYLGARD 184 Silicone Elastomer Kit (Dow Corning, Midland, MI, USA) for fabricating our chips. Prior to use, fluidic layer molds were silanized using vapor deposition of chlorotrimethylsilane (Sigma-Aldrich, St. Louis, MO, USA) for at least 15 min to minimize adhesion between PDMS and the patterned structures on the wafer. For this modified fabrication process, three different batches of PDMS were mixed. These varied in composition, and base to crosslinking agent ratios of 15:1, 10:1, and 6:1 were used, respectively. PDMS was degassed for approximately 30 min before pouring on the respective molds. The control layer mold was spin coated with a thick layer (~1 mm) of 6:1 PDMS and baked at 80˝C for 5 min. A thin layer of 15:1 PDMS was spin coated on the fluidic layer mold at 1300 RPM for 1 min. The device was designed such that the valve regions on the device were placed in areas surrounded by shallow fluidic channels, ensuring uniform coverage of these regions with a thin layer of PDMS. The PDMS on the fluidic layer mold was then baked at 80˝C for 4 min. The PDMS was removed from the control layer mold, cut to match the size of the fluidic layer, and aligned with baked PDMS layer on the fluidic layer mold under a stereoscope. The fluidic layer mold with the aligned control layer was baked at 80˝C for 5 min to promote adhesion between the control layer and the fluidic layer. Following this, 49.5 g of 10:1 PDMS was poured on the fluidic layer mold, covering all features on the fluidic layer mold with a 3-4 mm thick layer of PDMS. The fluidic layer mold was then baked for at least 20 min at 80˝C. Following this, the PDMS was removed from the fluidic layer mold and individual devices were cut. Fluidic access holes were punched into individual chips with sharpened needles (20 gauge; McMaster-Carr, Elmhurst, IL, USA), bonded to cover glasses with #1 thickness (24 mmˆ60 mm, thickness =~0.13 to 0.16 mm; Ted Pella, Inc., Redding, CA, USA) following O 2 plasma treatment (30 W, 500 mTorr, 45 s), and immediately baked at 80˝C for at least 5 min to finalize device fabrication. All devices were subsequently treated with Aquapel (Pittsburgh Glass Works LLC, Pittsburgh, PA, USA) to render their surface hydrophobic and fluorophilic [38] . Aquapel-treated devices were then dried at 80˝C for at least 1 h prior to use.
Experimentation
A set of solenoid valves (Model: MH1-A-24VDC-N-HC-8V-PR-K01-QM-AP-BP-CX-DX; Festo, Hauppauge, NY, USA) was used to control the on/off status of the individual microvalves in the microfluidic device. Connections between solenoid valves and microvalves were established via water-filled Tygon microbore tubing (0.02-inch ID and 0.06-inch OD; Cole-Parmer, Vernon Hills, IL, USA) with 23-gauge blunt needles (McMaster-Carr) inserted at designated valve holes. Microvalves were typically pressurized at~40 psi. Valve operation sequences were programmed and controlled by custom software written in MATLAB (MathWorks, Natick, MA, USA). This software allowed us to execute a predetermined sequence of valve actuation with independent time control for each actuation. The opening of a valve corresponding to an input on the device led to the injection of a sample fluid from that inlet into a central channel on the device. The volume of this droplet could be precisely controlled through variation of the opening time of the valve as well as the back pressure [27] .
The carrier oil used to maintain the separation between sample plugs consisted of a perfluorocarbon FC-40 (3M, Two Harbors, MN, USA) and a nonionic fluorous-soluble surfactant 1H, 1H, 2H, 2H-Perfluoro-1-octanol (PFO; Sigma-Aldrich) (4:1 v/v). The carrier oil was loaded into Tygon microbore tubing and connected to the device via the designated oil inlet. Prior to generation of sample and reagent droplets, the carrier oil was injected to fill and prime the entire central fluidic channel. The testing of our platform was performed using a PCR buffer (1ˆGold PCR buffer; Thermo Fisher Scientific, Waltham, MA, USA) and food dyes (Ateco, Glen Cove, NY, USA) as surrogates for different samples and reagents in order to enhance visualization. All samples and reagents were loaded into PTFE tubing (30 AWG; Cole-Parmer) and connected with the device through their designated inlets. All reagent input channels on the device were primed with the respective reagent. Any residual reagents in the central carrier fluid channel following this process were flushed out using the carrier oil. All the inputs on the device were kept under constant pressure, with separate input pressures for the carrier oil (10 psi), sample inlets (5 psi), and all four reagent inputs (3 psi).
Data Acquisition and Analysis
Droplet generation, bifurcation, and fusion were observed with an inverted microscope (IX71; Olympus Corp., Tokyo, Japan) with either a 1.25ˆmagnification objective lens (Olympus PlanAPO N 1.25ˆ/0.04 NA) or a 4ˆmagnification objective lens (Olympus UPlanFl 4ˆ/0.13 NA). A digital single-lens reflex (DSLR) camera (EOS 60D; Canon, Inc., Tokyo, Japan) that was mounted on the microscope and interfaced via EOS Utility software was used to take images and videos of device operation. Screenshots were taken from videos via the multimedia player software VLC media player (VideoLAN). Images were imported in ImageJ [39] and processed using its built-in functions. The area of the droplet was measured via the "Threshold" and "Analyze Particles" functions in ImageJ. The volume of the droplet was subsequently calculated by multiplying the droplet area and the height of the incubation channel. Dusts and shadows on the images, which did not affect the generation, bifurcation, and fusion of droplets were digitally removed via Adobe Photoshop. Furthermore, the tone and the contrast of the images were also enhanced via Adobe Photoshop.
Results
Device Design and Workflow
We have designed a microfluidic device to support parallelized combinatorial droplet workflow ( Figure 2 ). The microfluidic device employs a two-layer architecture where the flow of oil, sample droplets, and reagent droplets in the fluidic layer (Figure 2 , blue) is regulated by designated microvalves in the valve layer (Figure 2 , red). The fluidic channel-where the droplet generation, bifurcation, fusion, and detection occur-undergoes several splits, connects with reagent inlet channels, and eventually divides into 16 channels with the same length and, hence, the same fluidic resistance. The most upstream inlet is reserved for the carrier oil, which drives all flow in the device. Downstream to the oil inlet are two sample inlets with corresponding rinsing channels ( Figure 2 , insert micrograph 1) connected to the central carrier oil channel. Two pressure relief channels near the sample inlets ensure the uniformity of sample droplets by decoupling droplet generation from fluidic resistance of the incubation channel. The central carrier oil channel splits into two identical halves at a bifurcating Y-junction. For all four stages of bifurcation Y-junctions, the angle is 45˝and the two outgoing channels shrink in width by a factor of ? 2 (e.g., for the first stage of bifurcating Y-junction, the single incoming channel has a width of 200 µm, and each of the two outgoing channels has a width of 140 µm) [32, 33] . After the first two stages of bifurcation, each of the four resulting fluidic channels is connected with a reagent channel that is individually controlled by a microvalve for programmable reagent injection ( Figure 2 , R1-R4; insert micrograph 2). Importantly, in the general reagent injection region, the cross-section of fluid channels are designed such that the sample daughter droplets can be elongated to be several-fold longer than the width of the reagent inlet channel. As such, reagents can be directly injected into the sample droplets and fused, removing the need for droplet synchronization. Each fluidic channel subsequently goes through two additional bifurcating Y-junctions ( Figure 2 , insert micrograph 3), resulting in 16 serpentine incubation channels to accommodate four replicates of the four different reaction conditions. All incubation channels are designed to have the same length to ensure equal fluidic resistance, which is critical for droplet uniformity. Finally, at the detection zone, the pitch between adjacent channels decreases to 50 µm such that all 16 50-µm-wide incubation channels can be viewed within a microscope viewing area (using a 4ˆobjective lens), thus facilitating parallel detection via microscopy ( Figure 2 , insert micrograph 4).
In our device, droplet bifurcation and subsequent parallelized reagent injection, droplet fusion, and droplet detection are performed in a streamlined workflow to maximize the throughput. Here, all microvalves are kept under positive pressure so that they are normally closed; they are opened on-demand to achieve injection. The carrier oil, samples, and reagents are pre-loaded into their designated inlets and are kept under constant pressure, so that when microvalves are opened, these fluids can be injected to form and subsequently maneuver droplets. Sample droplets are first generated by briefly opening the sample microvalve, and upon closing the sample microvalve and opening the oil microvalve, are pushed through the first two stages of bifurcating Y-junctions, producing a total of four identical daughter droplets. As the sample droplets flow through the reagent injection region, the four reagent microvalves are opened momentarily to inject reagents directly into elongated sample daughter droplets and achieve droplet fusion. Parallelized injection of reagents therefore improves the throughput by four-fold. Fused sample-reagent droplets go through two additional bifurcating Y-junctions such that each injection of sample and reagents results in a total of 16 droplets (four replicates of four different conditions). Performing triplicates or higher number of replicates is important for biochemical experiments. In benchtop experiments, replicates are typically split from a stock via pipetting. In our device, we leverage bifurcating Y-junctions to split each sample-reagent droplet into four replicates. This built-in mechanism for replication obviates serially generating replicates, thus providing an additional four-fold improvement in throughput. Each daughter droplet then flows through its serpentine incubation channel and arrives simultaneously with all other daughter droplets in the same group at the detection zone, thus facilitating parallel detection via microscopy (see Supplementary Video S1). Notably, the volume of fused droplets is controlled to span the cross-section of all fluid channels, as this is critical to maintain the spatial indices of all droplets.
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Uniform Droplet Splitting
We first demonstrate uniform droplet splitting in our device, which is a critical prerequisite to the parallelized operation of our device. To demonstrate this, we generated a series of sample droplets (volume = ~10 nL; frequency = 0.5 Hz) with black food dye as the sample because this dye produces sharp color contrast and is empirically found to travel through the device with minimal sticking, and thus facilitates downstream operation and analysis. These samples droplets were uniform in size, with a 1.7% coefficient of variation (CV). We then allowed them to travel downstream and continuously bifurcate through four stages of bifurcation Y-junctions. By recording videos of droplet splitting at all Y-junctions and extracting screenshot images from the videos, we clearly observed droplets splitting into two even halves as they flow through a bifurcation Y-junction ( Figure 3A) .
To quantitatively analyze the bifurcation performance across the four bifurcation stages, we used image analysis software to determine the volume of the pair of split droplets after splitting at each of the 15 Y-junctions and calculated the ratio of the volume of each droplet over the combined volume. As such, a volume ratio of 50% for both daughter droplets indicates even droplet splitting. In our devices, we had measured ~50% volume ratio of daughter droplets at the four different stages and the 15 Y-junctions ( Figure 3B ; n = 10 for each Y-junction), indicating fairly uniform The microfluidic device employs a two-layer architecture where the flow of oil, sample droplets, and reagent droplets in the fluid layer (blue) is regulated by designated valves in the valve layer (red). The most upstream inlet is reserved for the carrier oil, which drives droplet formation and flow. Downstream to the oil inlet are two sample inlets with corresponding rinsing channels (insert micrograph 1) connected to the fluid channel. The fluid channel splits into two identical halves at a bifurcating Y-junction and each of the four resulting fluid channels is connected with a reagent channel that is individually controlled by a microvalve for programmable reagent injection (R1-R4; insert micrograph 2). In our device, reagents can be directly injected into the sample droplets and fused, removing the need for droplet synchronization. Each fluid channel subsequently goes through two additional bifurcating Y-junctions (insert micrograph 3), resulting in a total of 16 serpentine incubation channels to accommodate four replicates of the four different reaction conditions. Finally, at the detection zone, the pitch between adjacent channels decreases such that all 16 channels can be viewed within a microscope viewing area, thus facilitating parallel detection via microscopy (insert micrograph 4).
We first demonstrated uniform droplet splitting in our device, which is a critical prerequisite to the parallelized operation of our device. To demonstrate this, we generated a series of sample droplets (volume =~10 nL; frequency = 0.5 Hz) with black food dye as the sample because this dye produced sharp color contrast and was empirically found to travel through the device with minimal sticking, and thus facilitated downstream operation and analysis. These samples droplets were uniform in size, with a 1.7% coefficient of variation (CV). We then allowed them to travel downstream and continuously bifurcate through four stages of bifurcation Y-junctions. By recording videos of droplet splitting at all Y-junctions and extracting screenshot images from the videos, we clearly observed droplets splitting into two even halves as they flow through a bifurcation Y-junction ( Figure 3A) .
To quantitatively analyze the bifurcation performance across the four bifurcation stages, we used image analysis software to determine the volume of the pair of split droplets after splitting at each of the 15 Y-junctions and calculated the ratio of the volume of each droplet over the combined volume. As such, a volume ratio of 50% for both daughter droplets indicates even droplet splitting. In our devices, we had measured~50% volume ratio of daughter droplets at the four different stages and the 15 Y-junctions ( Figure 3B ; n = 10 for each Y-junction), indicating fairly uniform droplet splitting. Furthermore, uniform droplet bifurcation across the different stages of Y-junctions validates that Y-junctions enable uniform droplet splitting even with different Y-junction channel dimensions and droplet volumes. It should be noted, however, that~10% difference in volume ratio of daughter droplets could be observed at the first two stages of bifurcating Y-junctions. Such variations would continue through the rest of the device. When we measured the volumes of the split daughter droplets at bifurcation stages 1, 2, 3, and 4, we measured CVs of 9.2%, 12.6%, 9.1%, and 8.2%, respectively. In addition to ensuring more uniform droplet sizes, examining the effect of such size variations on bioassays are subjects for our follow-up studies.
In order to achieve more uniform droplet splitting, it is critical to maintain the same fluidic resistance across all fluidic channels that flow in parallel. Here, we had carefully examined our devices to ensure the fluid channels are free of obstructions due to defects in the master mold. We had also found a potential source for severely increasing the fluidic resistance of a particular fluid channel is an overlaying valve control channel, as that may cause the fluid channel to sag down and increase the fluidic resistance. In our design, we had avoided overlaying valve control channels on top of fluid channels. For the only occurrence, we designed the valve control channel to overlay the four fluid channels equally, and we narrowed the valve control channel to prevent it from sagging into the fluid channels. Finally, we had designed filter structures at all sample and reagent inlets to prevent channel clogging, which can also severely increase the fluidic resistance of a particular fluid channel and disrupt droplet splitting.
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In order to achieve more uniform droplet splitting, it is critical to maintain the same fluidic resistance across all fluidic channels that flow in parallel. Here, we have carefully examined our devices to ensure the fluid channels are free of obstructions due to defects in the master mold. We have also found a potential source for severely increasing the fluidic resistance of a particular fluid channel is an overlaying valve control channel, as that may cause the fluid channel to sag down and increase the fluidic resistance. In our design, we have avoided overlaying valve control channels on top of fluid channels. For the only occurrence, we designed the valve control channel to overlay the four fluid channels equally, and we narrowed the valve control channel to prevent it from sagging into the fluid channels. Finally, we have designed filter structures at all sample and reagent inlets to prevent channel clogging, which can also severely increase the fluidic resistance of a particular fluid channel and disrupt droplet splitting. To quantitatively analyze the bifurcation performance at the Y-junction, we determine the volume of the pair of daughter droplets after splitting and calculate the ratio of the volume of each daughter droplet over the combined volume of the two droplets; (B) We measured~50% volume ratio for all daughter droplets across the four bifurcation stages and the 15 Y-junctions (n = 10 for each Y-junction), suggesting that uniform droplet bifurcation is independent of channel dimensions and droplet volumes.
Parallelized Injection of Reagents with Individualized Calibration
We have designed our device to simultaneously inject multiple, independent reagents in parallel, which provides ready means to improve the throughput. To demonstrate this capability, we pre-loaded each reagent inlet with a different color of food dye (orange, green, blue, and black in this case) and simultaneously actuated the microvalves that control the reagent inlets to form four reagent droplets in parallel. Indeed, a simultaneous actuation of all four reagent microvalves resulted in four independent reagent droplets in their respective channels ( Figure 4A ). As such, injection of the four reagents in parallel instead of one-by-one as in our previous combinatorial droplet devices resulted in a four-fold improvement in the throughput.
Importantly, the individually controlled reagent inlets in our device allow us to calibrate each inlet independently and to ensure consistent and accurate volume injection across parallel reagent channels. For example, when we loaded four different colors of food dye (orange, green, blue, and black) as the reagents and programmed the four reagent microvalves to open with an identical opening time (e.g., 30 ms), the four resulting droplets differed by as much as 44% in normalized droplet volume ( Figure 4B ). This variation could be caused by the PDMS membranes in our device, as the membranes can vary in thickness from the soft lithography fabrication process. Moreover, variations in reagent viscosity can also lead to variability in droplet sizes as well [40, 41] . Based on visually observing the initial size of the reagent droplets, we subsequently shortened or lengthened the opening time for each reagent microvalve. With such simple adjustments, we were able to generate reagent droplets with significantly improved uniformity; the variation in normalized droplet volume reduced to <12% ( Figure 4C ). The improved size uniformity in reagent droplets thus showed that we could effectively correct reagent droplets with different sizes with our individually addressable reagent inlets. Further improvements in the uniformity could be achieved by performing a few iterations of measuring the volume of reagent droplets via image analysis before fine-tuning the microvalve opening time.
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Reliable Droplet Fusion in Parallel
Having demonstrated uniform droplet splitting and uniform reagent injection in parallel, we subsequently combined these two functions and demonstrated robust, parallelized fusion of sample and reagent droplets. We first confirmed reliable droplet fusion visually and qualitatively by using a polymerase chain reaction (PCR) buffer as the sample (due to its clear color and negligible sticking to the device) and four different colors of food dye as the four reagents. Here, we generated a series of sample droplets at~0.25 Hz and moved them through the first two bifurcation stages. Importantly, our design enforced an elongated shape for each of the four bifurcated daughter sample droplets as they traveled past the four reagent inlets, thus allowing us to directly inject reagents into them for robust droplet fusion ( Figure 5 ; also see Supplementary Video S2).
We note several parameters that facilitate reliable, parallelized fusion of sample and reagent droplets. First, we designed the channels downstream to the reagent inlets to gradually widen, which caused droplets to slow down following reagent injection and facilitated fusion of sample and reagent droplets that may not have fused at the time of reagent injection. Second, we employed a combination of FC40 and PFO as the carrier oil, which facilitated direct injection of reagents into sample droplets and their fusion. Finally, we tuned the back pressure applied to the reagent inlets to prevent fission of sample droplets during reagent injection.
Parallelized fusion of sample droplets and reagent droplets was observed to maintain an efficiency of nearly 100% in our device. We quantitatively evaluated the fusion performance in all four channels of our device by performing the same droplet fusion experiment but using only the black food dye as the reagent in all four reagent channels in order to minimize potential experimental variations due to the viscosities of different food dyes. Using video and image analysis to evaluate the droplet fusion in all four channels, we defined droplet fusion efficiency as the ratio between fused droplets and all droplets after the fusion step. The fusion efficiencies were between 98.1% (n = 52), 99.1% (n = 107), 99.1% (n = 107), and 94.5% (n = 55) for the four channels, indicating reliable droplet fusion. These results show that droplets could be reliably fused without having to pause momentarily at the reagent inlets. Such capacity for continuous yet reliable droplet fusion thus presents key feature for enhancing the throughput in our device.
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Having demonstrated uniform droplet splitting and uniform reagent injection in parallel, we subsequently combined these two functions and demonstrated robust, parallelized fusion of sample and reagent droplets. We first confirmed reliable droplet fusion visually and qualitatively by using a polymerase chain reaction (PCR) buffer as the sample (due to its clear color and negligible sticking to the device) and four different colors of food dye as the four reagents. Here, we generated a series of sample droplets at ~0.25 Hz and moved them through the first two bifurcation stages. Importantly, our design enforced an elongated shape for each of the four bifurcated daughter sample droplets as they traveled past the four reagent inlets, thus allowing us to directly inject reagents into them for robust droplet fusion ( Figure 5 ; also see Supplementary Video S2).
Parallelized fusion of sample droplets and reagent droplets was observed to maintain an efficiency of nearly 100% in our device. We quantitatively evaluated the fusion performance in all four channels of our device by performing the same droplet fusion experiment but using only the black food dye as the reagent in all four reagent channels in order to minimize potential experimental variations due to the viscosities of different food dyes. Using video and image analysis to evaluate the droplet fusion in all four channels, we defined droplet fusion efficiency as the ratio between fused droplets and all droplets after the fusion step. The fusion efficiencies were between 98.1% (n = 52), 99.1% (n = 107), 99.1% (n = 107), and 94.5% (n = 55) for the four channels, indicating reliable droplet fusion. These results show that droplets could be reliably fused without having to pause momentarily at the reagent inlets. Such capacity for continuous yet reliable droplet fusion thus presents key feature for enhancing the throughput in our device. In our device, the four split sample droplets (after two bifurcations) maintain an elongated shape as they travel past the four reagent inlets, allowing direct injection of reagents into them for robust droplet fusion simultaneously in all four channels.
Parallelized Droplet Incubation and Imaging-Based Detection
In the current device, droplets were incubated as they flowed through their designated incubation channels. Here, after fusion between sample and reagent droplets, each fused droplet first split into four replicates after flowing through two bifurcation stages. Subsequently, each of the 16 sample-reagent droplets (four replicates of four independent sample-reagent combinations) flowed through its own incubation channel. These 16 incubation channels were designed to have identical lengths and cross-section areas to ensure the same fluidic resistance, which allowed the droplets to flow at relatively the same rate before they were imaged in parallel. For proof-of-principle, we designed the incubation channels to be 100 mm long, which supported a brief,~5 min incubation when the carrier oil was subjected a backpressure of 10 psi. Notably, we could increase the incubation time by reducing the backpressure or lengthening the incubation channels, which would be particularly useful for performing bioassays in future iterations of our device in the near future.
After incubation, we used microscopy to simultaneously image and hence analyze fused droplets in all 16 incubation channels. This imaging approach for parallelized detection is facilitated by designing the detection zone of the device to fit within the field of view of microscopes (under 4m icroscope objective lens). To show parallelized droplet detection, we generated multiple groups of 16 droplets (four replicates of the four sample-reagent combination) and imaged them at the detection zone. Here, due to uniform droplet splitting, uniform reagent injection, and robust droplet fusion, the 16 droplets in each group had uniform sizes. For example, the droplet sizes in Group 1 had only an 8.0% CV and remained uniformly sized in Group 20, with a 6.6% CV (Figure 6 ). Importantly, the droplets traveled at relatively the same speed through their own incubation channels and thus allowed their spatial indices to be maintained. Indeed, for the droplets in Group 1, we measured that the 16 droplets varied by only as much as 3.67 mm in position after traveling through the 100-mm-long incubation channels, equivalent to a 3.67% variation. For the droplets in Group 20, the maximum difference in position for the 16 droplets was only 3.46 mm. Furthermore, when comparing Group 1 and Group 20, the 16 droplets generally maintained their position relative to one another. For example, the leading droplets in both groups are in incubation channel 1 (counting from bottom) and the trailing droplets in both groups are in incubation channel 9 (counting from bottom). We note that, because the detection area is only 2.5 mm in length, we combined and aligned two screenshots in order to measure the position of all 16 droplets in each group. Nevertheless, these results showed that the droplets in the parallel detection area could indeed be tracked via spatial indexing.
Discussion
The parallelized reagent assembly approach described in this work presents an alternative approach to device architecture for droplet microfluidics. Devices employing shear-flow droplet generation has capacity for extremely high throughput, but their limited capacity for in-line combinatorial assembly of reagents has confined their utility to simple, throughput-based applications such as digital PCR. Our parallelized design presents an alternative architecture with greater flexibility for reagent assembly, while demonstrating the potential for parallel processing to bridge the gap in throughput. For example, even operating under a conservative 0.25 Hz generation rate for sample droplets, which equates to a 4 Hz generation rate for fused sample-reagent droplets, a single parallelized combinatorial droplet device is capable of detecting nearly 0.35 million fused droplets per day. As such, this device has the potential to meet the need for high-throughput screening applications. Figure 6 . Imaging-Based Parallel Detection of Fused Droplets. We generate multiple groups of 16 droplets (four replicates of the four sample-reagent combination) and image them at the detection zone via microscopy. Even droplet bifurcation, uniform reagent injection, and robust droplet fusion enable size uniformity for the 16 droplets. For example, the droplet sizes in Group 1 and Group 20 have only a coefficient of variation of 8.0% and 6.6%, respectively. Furthermore, the droplets travel at relatively the same speed through their own incubation channels and thus allow their spatial indices to be maintained. Indeed, for the droplets in Group 1, the 16 droplets vary by only as much as 3.67 mm in position after traveling through the 100-mm-long incubation channels, equivalent to a 3.67% variation. For the droplets in Group 20, the 16 droplets mostly maintain their positional orders while the maximum difference in position is only 3.46 mm.
Maintaining balanced fluidic resistance across all fluidic channels in parallel is critical to robust long-term operation of our parallelized combinatorial droplet device. Increases in fluidic resistance in a single incubation channel may cause sample droplets to split unevenly at the first two stages of bifurcating Y-junctions and travel through these junctions at different speeds, which may subsequently disrupt droplet fusion and ultimately lead to operation failure. In this work, we have carefully removed potential sources for increasing the fluidic resistance in our devices, such as obstructions in fluidic channels and overlaying valve control channels. In addition, we observed that the reagent viscosity may also be important to device operation. For example, sample droplets that fused with a more viscous food dye tend to travel slower through the incubation channels when compared to those that fused with a less viscous food dye. Such differences can also lead to unbalanced fluidic resistance in the device. As such, implementing reactions involving reagents that vary in viscosities in the droplet format in our parallelized combinatorial droplet device may require additional characterization steps to ensure reliable operation.
To further enhance the throughput, we can increase the number of daughter sample droplets and the number of reagents injected in parallel. In this work, for proof of concept, we had only designed two stages of bifurcation prior to parallelized injection of four reagents. In future iterations of our device, we envision increasing the number of bifurcation stages prior to parallelized injection to three or four and the number of reagent channels to 8 or 16, thus producing 8 or 16 sample-reagent combinations from each sample droplet. For each reagent channel, we can further implement multiple reagent inlets. Importantly, however, we will continue using two bifurcation stages for splitting each fused sample-reagent droplet into four replicates, as more replicates add little value to performing biochemical assays. As such, by increasing the number of Figure 6 . Imaging-Based Parallel Detection of Fused Droplets. We generate multiple groups of 16 droplets (four replicates of the four sample-reagent combination) and image them at the detection zone via microscopy. Even droplet bifurcation, uniform reagent injection, and robust droplet fusion enable size uniformity for the 16 droplets. For example, the droplet sizes in Group 1 and Group 20 have only a coefficient of variation of 8.0% and 6.6%, respectively. Furthermore, the droplets travel at relatively the same speed through their own incubation channels and thus allow their spatial indices to be maintained. Indeed, for the droplets in Group 1, the 16 droplets vary by only as much as 3.67 mm in position after traveling through the 100-mm-long incubation channels, equivalent to a 3.67% variation. For the droplets in Group 20, the 16 droplets mostly maintain their positional orders while the maximum difference in position is only 3.46 mm.
To further enhance the throughput, we can increase the number of daughter sample droplets and the number of reagents injected in parallel. In this work, for proof of concept, we had only designed two stages of bifurcation prior to parallelized injection of four reagents. In future iterations of our device, we envision increasing the number of bifurcation stages prior to parallelized injection to three or four and the number of reagent channels to 8 or 16, thus producing 8 or 16 sample-reagent combinations from each sample droplet. For each reagent channel, we can further implement multiple reagent inlets. Importantly, however, we will continue using two bifurcation stages for splitting each fused sample-reagent droplet into four replicates, as more replicates add little value to performing biochemical assays. As such, by increasing the number of bifurcation stages prior to parallelized injection, the reagent channels, and the reagent inlets, but maintaining two bifurcation stages after parallelized injection, we can improve the overall throughput of combinatorial droplet devices by 32-fold, 64-fold, or beyond.
We also envision several routes towards improving the general utility of our device. First, we can explore other combinations of oil chemistry for handling droplets. In the current work, our FC40-PFO carrier oil facilitated fusion of sample and reagent droplets, but after droplets in separate incubation channels were detected in parallel, they would fuse when they reached the common outlet channel. As such, the current demonstration is suitable for assays that require end-point, one-time measurements. For other applications that require reusing droplets, we will have to modify the carrier oil to support these functions. Second, we can integrate sample loading and thermal instruments to enable large combinations of biochemical reactions in the device. For example, we plan to integrate our previously reported serial sample loading system [42] so that the device can accept a large number of samples from multi-well plates. Temperature-controlled heaters can also be readily appended to the incubation region of the device to enable a host of biochemical assays that require elevated temperatures. Finally, we will expand the detection modality. In the current work, we used bright-field microscopy to image droplets in parallel. Although bright-field microscopy is compatible with some colorimetric-based detection approaches [43] , we will implement fluorescence microscopy to detect the more widely used fluorogenic bioassays in future iterations of our device. Additionally, we can integrate wide-view imaging [33] to increase the area of detection and hence the capacity for parallel detection of droplets in our device.
Conclusions
In summary, we present a parallelized combinatorial droplet device that enhances device throughput via droplet bifurcation, parallelized reagent injection, and parallelized droplet detection. We demonstrate that microfluidic droplets can split evenly at all Y-junctions across all four bifurcation stages in our device. We also show that we can simultaneously inject four independent reagents into their respective channels with equal volume, which can only be done by adjusting the valve opening time of each individually-addressable microvalve. Furthermore, we validate that sample and reagent droplets can be reliably fused in a continuous manner, which further enhances the device throughput. Finally, the fused sample and reagent droplets maintain their spatial indices and can be imaged in parallel via microscopy. Taken together, we have successfully parallelized the once-serial operation in combinatorial droplet devices and have improved the device throughput by 16-fold. Given its current performance and prospect for future improvements, we believe the parallelized combinatorial droplet device has the potential to meet the demand as a flexible and cost-effective tool that can perform high throughput screening applications.
